Coronavirus disease 2019 (COVID-19) is a viral respiratory disease of zoonotic origin caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. COVID-19 first emerged in the city of Wuhan (China) at the end of 2019 but now has turned into a global pandemic reported in all continents just after a few short months. SARS-CoV-2 appears to be highly contagious and spreads mainly from human to human through respiratory droplets from coughing and sneezing of the infected persons as well as by fomites. SARS-CoV-2 belongs to a family of viruses named coronaviruses for the crownlike spikes on their surface that can infect bats, birds, pigs, cows, and other mammals and mutate easily to transfer from animals to humans.^[@ref1]^ Before the COVID-19 outbreak, six strains of such virus already have been identified as human pathogens known to cause viral respiratory illness. However, not all of them are highly pathogenic. For examples, HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 merely cause a common cold. In contrast, both the severe acute respiratory syndrome coronavirus (SARS-CoV)^[@ref2]^ and Middle East respiratory syndrome coronavirus (MERS-CoV)^[@ref3]^ have caused large-scale outbreaks during the past two decades with significant case-fatality rates (9.6% for SARS and 34% for MERS). As for COVID-19, its case-fatality rate remains uncertain given the pandemic is still in its early stages.

Currently, it is well-known that the SARS-CoV-2's main protease (Mpro) constitutes one of the most attractive antiviral drug targets, because the viral maturation almost exclusively relies on the Mpro's activity. For example, maturation of 12 nonstructural proteins (Nsp4--Nsp16), including critical proteins like the RNA-dependent RNA polymerase (RdRp, Nsp12) and helicase (Nsp13), requires the cleavage through the Mpro. It has been demonstrated in experiment that the Mpro inhibition prevented viral replication in multiple studies.^[@ref4],[@ref5]^ Considered as the Achilles' heels of SARS-CoV-2, the Mpro is therefore among the top candidates for drug discovery. Additionally, the Mpro's inhibitor(s) is likely to inactivate virus in different cell types in different organs, independent of the various receptors/host proteases (on the cell membrane) required for virus entry.

So far, a specific Mpro inhibitor is still missing for the SARS-CoV-2 virus. Irreversible inhibitors like N3 are efficacious and have been proven to inhibit SARS-CoV-2 virus in *in vitro* viral proliferation models with moderate efficacy (EC~50~ = 4--5 μM).^[@ref5]^ However, development of these tool drugs into an approved drug could take years to accomplish. In an BioRxiv preprint,^[@ref6]^ a few marketed drug such as ebselen, disulfiram, tideglusib, and carmofur have exhibited EC~50~ values of 0.67 μM, 9.35 μM, 1.55 μM, and 1.82 μM respectively with an *in vitro* enzymatic assay, which translate to an EC~50~ of 4.6 μM in antiviral activity for ebselen (best in class), compared to an EC~50~ of 16.77 μM for N3.^[@ref5]^ These experiments validated that Mpro could be a viable antiviral target, albeit additional efforts are needed to search for more potent and specific antiviral drugs with a better safety margin than ebselen that is an (irreversible) inhibitor for the Mpro and many other enzymes in a broad spectrum of tissues with significant cellular toxicity.^[@ref7]^ Motivated by the fact that Mpro can be inhibited by multiple drug-like ligands, we speculated that a range of drug molecules may efficaciously interact with the Mpro pocket. Given the urgency, we used *in silico* methods to explore a set of 19 marketed drugs that have exhibited a great deal of promise in clinics, aiming to identify the potential high-potential ones for the Mpro inhibition and discover a common binding mechanism for these drug molecules inside the Mpro's pocket.

Understanding the structural determinants for protein--ligand complex at the atomic level is crucial for designing ligands with high specificity and affinity for a target protein. Moreover, gaining insight into the mechanisms responsible for the protein--ligand recognition and binding greatly facilitates the discovery and development of drugs for the treatment of the underlying disease. We carried out all-atom molecular dynamics (MD) simulations that are widely used in the studies of biomolecules,^[@ref8],[@ref9]^ guided with fast and efficient docking studies. Besides the identification of several high-potency drugs and/or molecules, we unveiled the consensus binding mechanism that a ligand prefers to bind the "anchor" site of the Mpro pocket, which might facilitate the future design and optimization of an inhibitor for the SARS-CoV-2's Mpro.

In our *in silico* studies, we used the NAMD^[@ref10]^ package for studying the structures of the stand-alone apo Mpro as well as the ligand-bound one. We first equilibrated the crystal structure of the SARS-CoV-2 Mpro \[Protein Data Bank (PDB) entry 6LU7\] in the physiologically relevant environment. The simulation system is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The dimer structure of the Mpro (colored blue and purple) is illustrated in the cartoon representation. The entire protein was then solvated in a water box with dimensions of 97.4 Å × 97.4 Å × 97.4 Å. Eighty-eight K^+^ and 80 Cl^--^ ions were added to the solution to neutralize the net charge of the protein and set the ion concentration to 0.15 M. The MD simulations were carried out on the IBM Power-cluster. We applied the TIP3P model^[@ref11],[@ref12]^ for water, the standard ion force field,^[@ref13]^ and the CHARMM36 force field^[@ref14]^ for the protein. A smooth cutoff (10--12 Å) was used to calculate van der Waals energies. Electrostatic interactions were calculated using the particle-mesh Ewald (PME) method (grid size of ∼1 Å). With the SETTLE algorithm^[@ref15]^ enabled to keep all bonds rigid, the simulation time step was 2 fs

![MD simulation system for the SARS-CoV-2's Mpro. Two monomers in the Mpro dimer (PDB entry 6LU7) are shown in cartoon representation and colored blue and purple. K^+^ and Cl^--^ ions are shown as tan and cyan van der Waals spheres. Water is transparent.](jz0c00994_0001){#fig1}

The entire simulated system was first equilibrated at 1 bar and 300 K, with all backbone atoms in the Mpro harmonically restrained (spring constant *k* = 1 kcal mol^--1^ Å^--2^) for ∼5 ns, during which the Mpro pocket was properly solvated by water molecules. In the subsequent production simulation, the restraint was removed and the Mpro was further equilibrated in the *NPT* ensemble. The Langevin dynamics was applied to maintain the constant temperature (300 K) in the simulated system, and the pressure was kept constant at 1 bar using the Nosé--Hoover Langevin method.^[@ref16]^

During the 125 ns production run, the overall dimer structure was stable and the root-mean-square deviations (RMSD) of the protein's backbone calculated against the crystal (initial) one (PDB entry 6LU7) saturated at 1.7 Å after ∼10 ns. Note that in the crystal structure there exists the N3 ligand (inside the Mpro's pocket) that is covalently linked to the Mpro, i.e., the irreversible binding. It is conceivable that the Mpro' pocket may slightly change its conformation once the N3 molecule is removed. When we were close to completing the writing of this paper, the apo structure (PDB entry 6Y2E) of the Mpro became available in the PDB. The RMSD calculated against this latest Mpro's crystal structure without any bound ligand shows a smaller mean value, indicating that without a bound ligand the equilibrated protein structure is closer to the apo structure.

Interestingly, as shown in the inset of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, we found that during the equilibration, the positively charged N-terminal Ser1 in one monomer (of the Mpro) and the negatively charged Glu166 in the other monomer formed a stable salt bridge in the electrolyte. This observation is particularly important as the Mpro's pocket (shown as a shaded oval in the inset of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) is right beside Glu166, indicating that this salt bridge plays a critical role in the pocket's stability. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, we show some small structural differences between the equilibrated Mpro's pocket (blue) and the aligned apo structure (orange), which signifies the importance of using the Mpro's structure after being equilibrated in the MD simulation for further docking studies. Using the molecular surface representation, we highlight the ligand-binding pocket of the equilibrated Mpro in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c.

![Molecular dynamics simulation of the SARS-CoV-2's Mpro. (a) Root-mean-square deviations (RMSD) of the simulated protein structure against the crystal (initial) structure of PDB entry 6LU7 and against the crystal structure of PDB entry 6Y2E. The inset illustrates a salt bridge formed by the negatively charged Glu166 of one monomer (blue) and the positively charged N-terminal Ser1 of the other monomer (purple) during the MD equilibration; the gray oval shows where the Mpro pocket is. (b) Cartoon representations of the equilibrated (blue) and aligned crystal Mpro's pockets without the bound N3 ligand. (c) Molecular surface representation of the equilibrated Mpro's pocket where the "anchor" site is highlighted by the star.](jz0c00994_0002){#fig2}

For predicting the binding mode and affinity of a ligand relative to a protein, over the past few decades, many computer-aided tools and programs have been developed for both commercial and academic uses such as Glid,^[@ref17]^ GOLD,^[@ref18]^ MOE DOCK,^[@ref19]^ rDOCK,^[@ref20]^ and AutoDock Vina,^[@ref21]^ to name a few. In this study, for the docking part, we employed AutoDock Vina, which is a successor of the most cited docking software, AutoDock,^[@ref22]^ with significant improvement in terms of accuracy and performance. AutoDock Vina is an open-source program and was proven to have an effective scoring function.^[@ref23]^

We carried out the docking calculations on an IBM power node with 24 physical cores and 192 CPUs. We obtained ready-to-be-docked mol2 files for most drug molecules from the ZINC database, except for N3 and O6K whose PDB files were obtained from the RCSB PDB. For preparation of the ligands and target protein to be applied in AutoDock Vina for rigid docking, we used the scripts prepare_ligand4.py and prepare_receptor4.py provided with the AutoDock Tools^[@ref21],[@ref22]^ suite to generate the corresponding input files in PDBQT format, which extends the PDB format with additional fields of partial charge and atom type. To increase the chance of finding the minimum binding energy to predict where and how a putative ligand can best bind the target protein, we set the exhaustiveness parameter of the program to 100 (the number of individual samplings/searches to find the proper pose).

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the Mpro protein (equilibrated) with a ligand-binding pocket, surrounded by a rectangular box within which a ligand is docked. We first used the available crystal structure (PDB entry 6Y2F) with a bound O6K molecule (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) as a reference to calibrate the docking procedures. After searching hundreds of poses, the program yielded the best pose (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) that was very similar to that in the crystal structure (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The obtained docking (affinity) score using the highly optimized score-function in Autodock Vina is −7.4 kcal/mol. The main difference is present in the O6K's Boc group \[containing the -C-(CH~3~)~3~ group\]. In the equilibrated structure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c), the tail resides inside the pocket region between the β-sheets (residues from Tyr161 to Asp176) and the coil (residues from Gly183 to Ala194). Hereafter, we refer to this special pocket region (also labeled with a star in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) as the "anchor" site. However, in the crystal structure, the same Boc group is present above the β-sheet, which likely resulted from the competitive occupancy of the "anchor" site by a dimethyl sulfoxide (DMSO) molecule ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). In [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_001.pdf), we show from MD simulations that the Boc group of O6K occupies the "anchor" site after the removal of the DMSO molecule.

![Docking of the O6K molecule in the pocket of the Mpro. (a) Illustration of the Mpro's pocket with a rectangular box within which a drug molecule is docked. (b) Stick representation of the O6K molecule. (c) Best docked pose of the O6K molecule in the Mpro's pocket. (d) Crystal structure (PDB entry 6Y2F) of the SARS-CoV-2's main protease with the O6K molecule and a cocrystallization agent dimethyl sulfoxide.](jz0c00994_0003){#fig3}

Following the same docking protocol, we evaluated 19 drugs (or compounds), most of which are currently tested in clinics for the COVID-19 disease. For these promising drugs, their antiviral mechanisms are still illusive. Given the importance of Mpro, we investigate whether the Mpro inhibition may be a part of the mechanism of action. Besides the O6K molecule shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, panels a--r of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrate molecular structures of chloroquine, bromhexine, favipiravir, dipyridamole, ambroxol, hydroxychloroquine, montelukast, cinaserin, GS-441524, kaempferol, lopinavir, entecavir, umifenovir, quercetin, remdesivir, nelfinavir, curcumin, and N3, respectively. Here N3 and O6K were used in the docking studies as controls. Consistent with their presence inside the Mpro's pocket in the crystal environment, we found that two best docking scores belong to N3 (−7.1 kcal/mol) and O6K (−7.4 kcal/mol).

![Docking of various clinically tried drugs in the pocket of the Mpro: (a) chloroquine, (b) bromhexine, (c) favipiravir, (d) dipyridamole, (e) ambroxol, (f) hydroxychloroquine, (g) montelukast, (h) cinaserin, (i) GS-441524, (j) kaempferol, (k) lopinavir, (l) entecavir, (m) umifenovir, (n) quercetin, (o) remdesivir, (p) nelfinavir, (q) curcumin, and (r) N3. (s) Top pose of curcumin in the Mpro pocket. (t) Best (black) and 10th best (gray) binding affinities of tested drug molecules docked in the Mpro pocket.](jz0c00994_0004){#fig4}

Remdesivir is a potent antiviral drug with an EC~50~ of 0.77 μM toward the SARS-CoV-2 virus *in vitro*.^[@ref24]^ It was also reported to be efficacious in a few critically ill patients.^[@ref25]^ Remdesivir is a pro-drug that will hydrolyze *in vivo*. We found that both remdesivir and its metabolite (GS-441524) could form a good complex with the Mpro with affinity scores of −7.0 and −6.4 kcal/mol, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t), which could provide synergistic effects in addition to its RNA-dependent RNA polymerase (RdRp) antagonism effects. The score of remdesivir is among the best, making it a good candidate for the first-line anti-COVID-19 drug. Favipiravir is also a RdRp inhibitor developed by Fujifilm Corp. in Japan; however, this molecule is small and did not show significant binding with the Mpro in our model ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t).

Entecavir is another potential inhibitor for RdRp and had been used for treating hepatitis B virus (HBV) for years with a good efficacy and safety profile. With a structure similar to that of remdesivir's metabolite (GS-441524), entecavir is affordable and widely available and could be a good alternative as a potential inhibitor for both RdRp and Mpro. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t shows that the affinity score for entecavir is −6.4 kcal/mol, which is the same as that for GS-441524. Given its availability and promising docking score, we further carried out MD simulations to reassure the stable binding of entecavir to the Mpro's pocket (see below).

Curcumin has multifaceted function in curbing inflammation, including, IL6, TNF-α, IL-1β, etc., and was also known to protect against liver and gastrointestinal (GI) tract damage, which is common in the COVID-19 pathological condition.^[@ref26]^ To our surprise, we found curcumin, a widely available food supplement, forms the most stable (−7.1 kcal/mol) complex with SARS-CoV-2's Mpro among the tested drugs. Its affinity score is as good as that for N3. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}s shows the top pose of a curcumin molecule nicely fit inside the Mpro pocket. It is well-known that curcumin had a low bioavailability (1%) that could hamper the utility of its treating systemetic viral infection; therefore, it is important to find a viable formula that can deliver sufficient curcumin to the target organ.^[@ref27]^

However, there is some evidence that orally administered curcumin accumulates in sufficient quantity in the GI tract and liver. Besides the lung, the SARS-CoV-2 virus also infects the GI tract, causing the patients also to experience diarrhea.^[@ref28],[@ref29]^ The GI tract and liver are immune privileged and may provide a shelter for the SARS-CoV-2 virus from attacks by the immune system.^[@ref30],[@ref31]^ Virus from the GI tract would be shedding off even after the lung tissue is free of viral infection, which could pose a great threat to infect others in shared bathrooms or via the aerosol formed in a sewage system. Additionally, the GI system also expresses a high level of ACE2 receptors and TMPRSS2, which is critical for the SARS-CoV-2 infection. To prevent the GI system from providing a protective shelter for the SARS-CoV-2 virus, it is beneficial to take drugs (such as curcumin) to curb the virus infection of the GI system during the drug treatment regime, and even after the viral infection is tampered in the lung.

We also found quercetin and kaempherol, natural products enriched in fruits and vegetables, are capable of forming complexes with the Mpro with good binding affinities, −6.6 and −6.4 kcal/mol, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t). The bioavailability of quercetin supplements is ∼24%, compared to 52% from isoquercetin-rich onions.^[@ref32]^ The bioavailability of kaempherol is ∼2%, many of which were metabolized in the liver. Note that both quercetin's bioavailability and kaempherol's bioavailability are better than that of curcumin.

Nelfinavir is an antiretroviral drug used in the treatment of the human immunodeficiency virus (HIV). Nelfinavir belongs to the class of drugs known as protease inhibitors (PIs), and like other PIs, it is almost always used in combination with other antiretroviral drugs. Previously, nelfinavir has been shown to inhibit the replication of SARS-CoV.^[@ref33]^ Consistently, we found that the affinity score is −7.0 kcal/mol, placing it among the top candidates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t). So far, nelfinavir has not been tested clinically for treating COVID-19 disease; however, our data strongly suggest it as a good candidate with the possible Mpro inhibition. As another HIV PI, lopinavir has an affinity score \[−6.4 kcal/mol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t)\] that is lower than that for nelfinavir. According to the recent clinical trial,^[@ref34]^ lopinavir worked only modestly in the early phase of infection of SARS-CoV-2, and it is also not strong enough to support the significant efficacy at the later stage of viral infection.

Umifenovir or arbidol is an antiviral drug available in Russian and China and had been used clinically in treating COVID-19 in China. Umifenovir inhibits SARS-CoV-2 *in vitro* with a reported IC~50~ of 30 μM.^[@ref35]^ It has also demonstrated positive results as a postexposure prophylaxis (PEP) of COVID-19 transmission.^[@ref36]^ We obtained moderate Mpro binding in our model with a score of −6.5 kcal/mol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t).

Montelukast is a leukotriene inhibitor used to treat allergies and prevent asthma attacks. It was reported anecdotally to inhibit the Mpro, and we validated its binding with the Mpro with a moderate score of −6.2 kcal/mol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t). Montelukast could offer other anti-inflammation benefits other than the potential Mpro inhibition.

Bromhexine^[@ref37]^ and ambroxol^[@ref38]^ are over the counter expectorant drugs and are used in assisting the treatment of COVID-19 in China. We found that they may exhibit weak Mpro antagonism effects according to docking affinities ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t). Nevertheless, expectorant drugs normally are highly enriched in lung tissues, which can promote the inhibition of Mpro's activities.

Chloroquine was found to inhibit SARS-CoV-2 *in vitro*([@ref29]) in clinical tests. Despite very similar chemical properties, the efficacy of hydroxychloroquine (HCQ) is 7 times stronger than that of chloroquine (CQ) *in vitro* (EC~50~ 0.7 μM vs 5.4 μM in the Vero cell infection model).^[@ref39]^ The potency discrepancy calls for another antiviral mechanism besides the existing hypothesis of HCQ/CQ functioning by neutralizing the endosomal pH and inhibiting cathepsin L,^[@ref40]^ which would predict a similar efficacy if not the same, with such minor structural differences between HCQ and CQ.

In support of other unknown targets by HCQ and CQ, the presence of extracellular proteases like TMPRSS2 and Furin facilitates efficient virus entry on the plasma membrane directly and bypass on the endocytosis pathway.^[@ref41]^ The fact that HCQ/CQ still poses strong inhibition of virus clinically also suggests HCQ/CQ inhibited an intracellular common pathway such as the Mpro. Meanwhile, HCQ/CQ can accumulate in the lung with a concentration that is 200--700-fold higher than that of the serum,^[@ref42]^ which may suffice for Mpro inhibition with suboptimal affinity scores of −5.9 kcal/mol for HCQ and −5.0 kcal/mol for CQ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t).

Dipyridamole exhibits a broad spectrum of antiviral activities and has been used as an effective anti-COVID-19 drug clinically.^[@ref43]^ The antiviral mechanism of dipyridamole involves the inhibition of the Mpro as determined by the surface plasmon resonance (SPR) assay *in vitro*.^[@ref43]^ However, the affinity sore is −5.8 kcal/mol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t). Additionally, cinanserin was predicted to inhibit the Mpro of both SARS-CoV and SARS-CoV-2; however, we found its binding affinity with Mpro is not very high, in line with a 120 μM IC~50~ for the viral inhibition.^[@ref6]^ The analogue of cinanserin (cmpd-26) performs much better in wet-lab experiments with an IC~50~ of 1.06 μM for SARS-CoV Mpro protease;^[@ref44]^ however, the score of cmpd-26 is not much improved for the SARS-CoV-2 Mpro. These discrepancies may be due to the rough estimations of the binding affinity from the docking study, which suggests the need for a more accurate model such as the MD one that includes the impact of water (e.g., desolvation energy).

To verify the docking results, as an example, we further performed the MD simulation to investigate the stability of entecavir's pose with the best affinity score inside the Mpro pocket ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The force field parameters for entecavir were obtained from SwissParam.^[@ref45]^ We applied the same MD simulation protocol used for the apo Mpro equilibration ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). To highlight the positions of the entecavir molecule inside the Mpro pocket, we overlapped the center of mass (COM) of entecavir during the entire MD simulation in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. Notably, there are two clusters of COMs, representing the start and final locations of the entecavir molecule. The entire process for entecavir's repositioning its pose inside the Mpro pocket is illustrated in the movie in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_002.mpg).

![Molecular dynamics simulation of entecavir in the Mpro pocket. (a) Enlarged view of the MD simulation system for the Mpro with a bound entecavir molecule. Water is not shown for the sake of clarity. (b) Centers of mass of the entecavir molecule during the entire MD simulation. (c) Entecavir's pose at the beginning of the MD simulation, obtained from the docking study. (d) Entecavir's pose after the MD equilibration. (e) Time dependency of the contact area between the enticavir molecule and the Mpro pocket.](jz0c00994_0005){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c shows the initial pose of the entecavir molecule in the MD simulation, which is also the best pose from the docking study. Inside the Mpro pocket, the entecavir molecule formed hydrogen bonds with residues Thr26, His41, and Gly143. Overall, entecavir is smaller than the Mpro's pocket, and the "anchor" site (the orange oval in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) mentioned above is not occupied. After entecavir has drifted to the new location inside the Mpro, it coordinates with His41, Gln189, and Glu166 through hydrogen bonds. Interestingly, the five-membered ring in the entecavir molecule entered the "anchor" site (see the orange oval in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d), driven by the hydrophobic interaction. Note that the new pose of entecavir found in the MD simulation is similar to the eighth pose with a slightly higher score (−5.9 kcal/mol) discovered in the docking study. This highlights that when including the solvent effect the affinity scores listed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t can be different (∼10%), which can somewhat affect the rank order.

To further quantitatively demonstrate the dynamic drifting process of entecavir, we calculated the time-dependent contact area between the entecavir molecule and the Mpro pocket. On the basis of the concept of the solvent-accessible surface area, we calculated the surface areas of the Mpro pocket (*S*~M~), the entecavir molecule (*S*~E~), and their complex (*S*~T~). Thus, we define the contact area between the entecavir molecule and the Mpro pocket as (*S*~M~ + *S*~E~ -- *S*~T~)/2. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e shows the calculated contact area during the \>300 ns MD simulation. In the first ∼75 ns, the entecavir molecule stayed in its initial location with an average contact area of ∼2.4 nm^2^. After that, it drifted away from its initial location and move into water above the Mpro pocket. The contact area decreased to approximately zero. Without drifting further into water, the entecavir molecule reentered the Mpro pocket, and the contact area increased to ∼2.6 nm^2^. During the rest of the MD simulation (∼250 ns), the entecavir moleule remained stable in the new location. In an independent MD simulation, the entecavir molecule left its initial location within tens of nanoseconds and drifted into the water environment, which reassures that the entecavir's initial pose is less stable than the final pose revealed in the MD.

Among all of the drug ligands studied here, nelfinavir appears to be highly promising as the Mpro's inhibitor, suggested by our docking study ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Thus, we carried out two independent MD simulations (Sim-1 and Sim-2) for nelfinavir in Mpro's pocket ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) to corroborate our prediction. From the two independent MD simulations, we found that the nelfinavir molecule was stably bound inside the Mpro's pocket, as shown by the overlapped COMs of nelfinavir ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b for Sim-1 and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_001.pdf) for Sim-2). The stability was contributed by the internal hydrogen bond between the -NH and -C=O groups ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), two hydrogen bonds between nelfinavir and residues His163 and Gln189 in Mpro ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), and the significant amount of hydrophobic interactions between nelfinavir and Mpro. Overall, the entire molecule was nicely fit inside the Mpro's pocket, with its benzene group located at the "anchor" site ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). We further highlight the stable binding of nelfinavir with snapshots at simulation times of 0, 66, 144, and 177 ns ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e,f) and with a movie in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_003.mpg) showing the simulation trajectory (Sim-1). Therefore, the predicted pose of nelfinavir in the Mpro's pocket, from docking, was confirmed by MD simulatons. Compared with entecavir, nelfinavir almost occupies the whole Mpro's pocket and has a much larger contact area (∼4.5 nm^2^) with the Mpro, as shown in the two independent MD simulations (Sim-1 and Sim-2) in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i.

![Molecular dynamics simulation of nelfinavir in the Mpro pocket. (a) Enlarged view of the MD simulation system for the Mpro with a bound nelfinavir molecule. Water is not shown for the sake of clarity. (b) Centers of mass of the nelfinavir molecule during the entire MD simulation (Sim-1). (c) Representative pose of nelfinavir in the Mpro pocket. (d) Nelfinavir's pose in the Mpro (in the molecular surface representation). (e--h) Snapshots of nelfinavir's conformations in the Mpro's pocket from Sim-1. (i) Time dependency of the contact area between the nelfinavir molecule and the Mpro pocket, from two independent MD simulations (Sim-1 and Sim-2).](jz0c00994_0006){#fig6}

Through both the docking and MD studies of the 19 drug molecules, we found that the "anchor" site in the Mpro pocket plays an important role in stabilizing a bound ligand. For example, in the docking study, one end of the curcumin molecule was seen to insert inside the "anchor" site ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}s). Likewise, in MD simulations, the entecavir molecule found a more stable binding pose with its five-membered ring inside the "anchor" site and the nelfinavir molecule was stably bound inside the Mpro's pocket with its benzene group residing inside the "anchor" site. In the crystal structure (PDB entry 6LU7), the tail of the N3 molecule ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}r) also occupies the "anchor" site of the Mpro, evidencing the crucial role of the "anchor" site for ligand binding.

In a recent experimental study,^[@ref5]^ it was found that the bulky Boc group in the O6K molecule ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) is essential for its binding to the Mpro pocket, without which the ligand becomes inactive. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, our docking result verifies that the Boc group indeed occupies the "anchor" site, further validating the binding mechanisms discovered in this work for stabilizing the ligand inside the Mpro's pocket.

Additionally, we point out that in the crystal structure (PDB entry 6Y2F), there is a DMSO molecule binding inside the "anchor" site ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), which may function to impede the binding of potential inhibitors. It is well-known that DMSO is used widely to dissolve compounds for biological assays. For example, dipyridamole had a low solubility and inhibited Mpro in an SPR assay with a 34 μM binding affinity. However, the *in vitro* viral cell-based assay showed that the EC~50~ of dipyridamole can be as low as 0.1 μM. The SPR assay utilized purified Mpro proteins exposed directly to a compound solution containing 0.5% DMSO; the latter could compete with dipyridamole for binding with Mpro and results in a false negative outcome.

In summary, we have used *in silico* methods, including docking and MD simulation, to investigate the stability of various ligands bound inside the Mpro pocket. Besides the binding energy, we have also considered comprehensively the bioavailabilities and half-lives of the drugs, which translate into effective drug concentrations around the targets. We found that the docking affinity scores of several molecules (such as nelfinavir and entecavir) are very close to those of the ligands found experimentally (N3 and O6K), and their binding stabilities with the Mpro were verified in MD simulations. Indeed, during the review of this work, a preprint published in bioRxiv shows that experimentally nelfinavir can strongly inhibit the Mpro *in vitro*.^[@ref46]^ However, we note that there are potential limitations of our methods, such as the approximated scoring functions in the docking method and classic force fields in the MD method. Therefore, the rank order provided in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}t is by no means intended to promote certain drug molecules. Instead, by examining almost 100 different poses of each docked molecule, we realized the importance of the "anchor" site in the Mpro pocket. Besides the hint from docking studies, we confirmed in MD simulation that by occupying the "anchor" site, a ligand can reside inside the Mpro pocket more stably via hydrophobic interactions. More importantly, the binding mechanism revealed in this work is supported by evidence observed in experimental studies, including the recently published one (during the review of this work) showing the bindings of compounds **11a** and **11b** with a hydrophobic group in the "anchor" site.^[@ref47]^ Therefore, we conclude that a drug molecule can be more potent with a hydrophobic bulky group occupying the "anchor" site. Given the bottleneck in the current testing capacity and throughput of the Mpro protease assay,we expect that these *in silico* results and predictions could help the wet-lab groups to prioritize their testing and shed light on the future discovery of highly potent inhibitors targeting the SARS-CoV-2's Mpro.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00994](https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00994?goto=supporting-info).MD simulation of O6K in the Mpro's pocket (Figure S1) and second MD simulation (Sim-2) for nelfinavir in the Mpro's pocket (Figure S2) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_001.pdf))Trajectories of the MD simulation for the entecavir--Mpro complex ([MPG](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_002.mpg))Trajectories of the MD simulation for the nelfinavir--Mpro complex ([MPG](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00994/suppl_file/jz0c00994_si_003.mpg))
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